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Germany) show many advantages over the conventional socket ﬁxation. However, restraining
biomechanical issues such as considerable bone loss around the stem and peri-prosthetic bone
fractures are present. To overcome these limiting issues a new concept of the direct intramedullary
ﬁxation was developed. We hypothesize that the new design will reduce the peri-prosthetic bone
failure risk and adverse bone remodeling by restoring the natural load transfer in the femur.
Generic CT-based ﬁnite element models of an intact femur and amputated bones implanted with
3 analyzed implants were created and loaded with a normal walking and a forward fall load. The strain
adaptive bone remodeling theory was used to predict long-term bone changes around the implants and
the periprosthetic bone failure risk was evaluated by the von Mises stress criterion.
The results show that the new design provides close to physiological distribution of stresses in the
bone and lower bone failure risk for the normal walking as compared to the OPRA and the ISP implants.
The bone remodeling simulations did not reveal any overall bone loss around the new design, as
opposed to the OPRA and the ISP implants, which induce considerable bone loss in the distal end of the
femur. This positive outcome shows that the presented concept has a potential to considerably improve
safety of the rehabilitation with the direct ﬁxation implants.
& 2012 Elsevier Ltd. All rights reserved.1. Introduction
The osseointegrated prostheses ﬁxation implants have been
made available to the rehabilitation of the transfemoral amputees
for more than a decade. This direct attachment of an external leg
prosthesis to the skeletal system allows overcoming common
problems such as poor ﬁt and skin damage often experienced
with conventional socket ﬁxation (Meulenbelt et al., 2011).
Additional beneﬁts are better control of the prosthetic limb
(Ward and Robinson, 2005), more unrestricted hip joint motion
and better sitting comfort (Hagberg et al., 2005; Hagberg et al.,
2008), resulting in an improved quality of life and increased
mobility of the patients.
Two types of transfemoral direct ﬁxation implants are cur-
rently clinically available, the OPRA system (Integrum, Go¨teborg,ll rights reserved.
ter Groningen, University of
e Netherlands.
rkerke).Sweden) and the ISP Endo/Exo prosthesis (ESKA Implants, Lu¨beck,
Germany). The ﬁrst implant consists of a type of intramedullary
titanium screw, the second is a press-ﬁt device composed of a
cobalt–chromium alloy inner core covered by a layer of highly
porous metal (Bra˚nemark et al., 2001; Staubach and Grundei,
2001). Another direct ﬁxation implant ITAP is being developed by
Stanmore group (University College, London, UK). Up till now,
ITAP’s use has been reported in transhumeral amputation (Kang
et al., 2010) and no data about transfemoral implant is available,
therefore it was not included in the current study.
Recent reports about follow-up studies on 100 patients with the
OPRA implant and 37 patients with the ISP prosthesis (Hagberg and
Branemark, 2009; Aschoff et al., 2010) conﬁrm the above-listed
beneﬁts of the osseointegrated ﬁxations. Soft-tissue infections
remain the most common complication, followed by implant and
peri-prosthetic bone fractures (Sullivan et al., 2003; Ward and
Robinson, 2005; Buell, 2006; Aschoff et al., 2010; Lunow et al.,
2010). Moreover, these implants are expected to change bone
stresses (Gunterberg et al., 1998; Xu and Robinson, 2008), resulting
in a progressive loss of bone mineral density (BMD), which reduces
P.K. Tomaszewski et al. / Journal of Biomechanics 45 (2012) 1875–18801876prosthetic support, decreases bone strength and ultimately may lead
to the implant loosening (Petersen et al., 1995; Spittlehouse et al.,
1998; Kobayashi et al., 2000).
In the current rehabilitation programs percutaneous implants are
mostly ﬁtted in patients who have experienced problems with
socket ﬁxation. The reported mean time of socket prosthesis use is
about 11 years (Aschoff et al., 2009; Hagberg and Branemark, 2009a;
Hagberg and Branemark, 2009; Aschoff et al., 2010). Hence, the bone
not being loaded to physiological levels for considerable time could
result in considerable bone losses (Sherk et al., 2008).
Another recent clinical follow-up study reported the bone
remodeling around the OPRA implants of 11 patients with an
average 8 year socket usage prior to the implantation (Xu and
Robinson, 2008). Clinical radiographs showed considerable bone
loss around the distal end of the femur and bone deposition at the
proximal end of the implant. Although up to now no clinical
report of bone changes around the ISP prosthesis has been
published, the same concept of cobalt–chromium alloy stem with
a highly porous metal layer did not eliminate periprosthetic bone
loss of hip implants (Go¨tze et al., 2006). The decreased bone
quality and its subsequent strength, prior to the implantation,
might make the issue of periprosthetic bone remodeling even
more critical for direct-ﬁxation implants.
Previous numerical analyses have shown a non-physiological
load distribution around generic models of the OPRA and the ISP
implants, which leads to stress shielding in the distal regions and
considerable stress peaks located at the tip of the stems (Xu et al.,
2006; Xu and Robinson, 2008; Tomaszewski et al., 2010). These
stress peaks might lead to premature bone failure in case of
adverse loading like during a fall.
The unphysiological, proximal load transfer of the current
direct-ﬁxation implants can be mainly attributed to their high
stiffness in comparison to the surrounding bone. This effect,
commonly referred to as stress shielding, was previously studied
for total hip replacements. To eliminate stress shielding around
hip stems numerous shape and material modiﬁcations have been
proposed and introduced to the designs throughout the past
decades, i.e. proximally porous-coated stems (Rothman et al.,
1996), composite implants (Glassman et al., 2001) or porous
tantalum prostheses (Levine et al., 2006; Tarala et al., 2011a).Fig. 1. A schematic representation of the developed geometry.To overcome the limiting issues of the current designs, a new
concept of direct intramedullary ﬁxation was developed. A multi-
component system, composed of a metallic core (Ti6Al4V alloy)
and an outer sleeve (PEEK Motis – Invibio Ltd., Lancashire, UK)
with an elastic modulus comparable to the cortex, should restore
the natural load transfer in the midshaft of a femur (Fig. 1).
To enhance distal load transfer in-between the implant and the
osteotomy of the femur remnant, a collar with a layer of elastic
material was added to the stem. Further, a low amplitude sliding
motion between the inner and the outer part of the implant aims
to decouple axial and transverse load and minimize shear stresses
at the bone implant interface. To obtain osseointegration between
the bone and the implant a porous titanium coating is plasma
sprayed on the PEEK surface in direct contact with the bone.
Additionally, the new design is much shorter than the currently
used implants to allow implantation in patients with shorter bone
remnants.
The motivating hypothesis for this work states that the proposed
alternative design of the direct ﬁxation implant will provide more
physiological bone stress distribution and thus reduce the peri-
prosthetic bone failure risk and adverse bone remodeling as com-
pared to the currently used implants. Hence, the new implant could
increase mechanical safety and enable more patients to beneﬁt from
osseointegrated direct ﬁxation implants.2. Materials and methods
2.1. Finite element analysis
Generic 3 dimensional FE-models of intact femoral bone and amputated bones
implanted with direct-ﬁxation implants, with similar geometrical and mechanical
characteristics as OPRA, ISP Endo/Exo prosthesis, as well as the new design were
created. The FE-model of the femoral bone was based on computed tomography
(CT) data of a femoral bone of an 81 year old male with normal bone quality
(BMDneck¼0.87 g/cm2). The isotropic properties of cortical and trabecular bone
were derived from the calibrated CT data. A calibration phantom was used to
convert Hounsﬁeld units to calcium-equivalent densities (rCHA). With in-house
created software a calcium-equivalent density was assigned to each element. The
ash density (rash) was calculated using a relationship speciﬁc to the phantom
rash ¼ 0=0633þ0:887rCHA . The Young’s modulus was derived for each element
from the ash density using correlations for cortical and trabecular bone (Keyak
and Falkinstein, 2003). The Poisson’s ratio for all bone elements was set to 0.35.
The optimal mesh size for the bone model was determined by a mesh
reﬁnement test with 5% convergence error for the peak von Mises stress. The
edge length for all meshes was 3 mm except for the interface region where it was
further reﬁned, leading to meshes of 150,000–190,000 four-noded tetrahedral
elements.
The surface-shape contours of the implants were ﬁtted in the femoral bone
(amputated 250 mm above the knee) and implemented into the FE-models. The
implants, which all had the same outer diameter (20 mm) were assumed to be
bonded to represent full osseointegration. The lengths of the implants were 130,
110 and 75 mm for the ISP, the OPRA and the new design, respectively.
Characteristic elastic moduli for implant materials were as follows: ISP
prosthesis stem (cobalt-chromium alloy) 210103 MPa, porous metal layer
1.0103 MPa (Klinbeil, 2006); the OPRA implant (commercially pure titanium)
110103 MPa; the elastic intramedullary part and collar of the new design
12.5103 MPa (carbon ﬁber-reinforced PEEK), the stem 114103 MPa (tita-
nium–aluminum–vanadium alloy). Poisson’s ratio for all metallic materials was
set to 0.3 and for PEEK to 0.4. The friction coefﬁcient between the stem and the
elastic sleeve was set to 0.1, to enable sliding motion in between components.
The models were subjected to two characteristic loading cases from a normal
walking cycle at 25% (heel strike) and 55% (shortly before toe-off) and a forward
fall loading (Fig. 2). All load values obtained from the experimental measurements
with the OPRA device (Lee et al., 2007; Frossard et al., 2010) were recalculated to
represent a patient with body mass of 61 kg. In all simulations the bone model
was rigidly ﬁxed at the proximal end and load was applied distally (Fig. 2).2.2. Bone failure risk assessment
Periprosthetic bone failure risk was evaluated by considering the vonMises stress
(sVM) criterion (Keyak et al., 1998; Keyak and Falkinstein, 2003; Keyak et al., 2005).
Fig. 2. Loads used in the analysis speciﬁc for a patient of 61 kg.
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S¼ 137Ur1:88ash for rasho0:317 and S¼ 114 r1:72ash for rashZ0:317
(Keyak and Falkinstein, 2003) and bone failure risk was identiﬁed when
sVM=SZ1. The results were presented in form of ‘failure risk parameter’ deﬁning
the peak stress threshold beyond which one percent of the periprosthetic bone
volume was exposed to. The periprosthetic bone volumes for stress assessment
were selected from the osteotomy up to 10 mm above the proximal implants’ end.2.3. Bone remodeling simulation
The strain-adaptive bone remodeling theory was used to predict long-term
changes in BMD. The theory assumes that during representative loading cycles
bone cells react to local changes in elastic strain energy, which are provoked by
the prosthesis relative to the normal physiological situation. The mathematical
bone remodeling signal is determined in each element as the average strain
energy per unit of mass. In each time step the rates of bone density adaptation are
determined by comparing the signal values in the implanted model (s) to the pre-
operative reference values (sref). In the locations where the remodeling stimulus
(ssref) is positive, bone is formed (BMD increases). Similarly, a negative stimulus
indicates local bone loss (BMD decreases). A threshold level s¼0.35 sref is assumed,
which leads to a stimulus zone where no bone reaction occurs. Furthermore, it is
assumed that bone formation and loss occur more rapidly in bone with a higher
amount of free surface as quantiﬁed in (Martin, 1972).
To calculate bone remodeling an iterative simulation procedure was inte-
grated with the FE-program (MSC Software Corporation, Santa Ana, CA, USA). The
simulation addressed the most common clinical situation when direct ﬁxation
prosthesis is implanted after considerable time of socket prosthesis use. The
original BMD-value at the femoral neck region (Fig. 5) of the bone used for
modeling was assessed by in-house software to BMDneck¼0.87 g/cm2. Subse-
quently the BMD in the entire reference bone model representing intact bone was
linearly increased to match the mean values (BMDneck¼1.01 g/cm2) measured at
the femoral neck of a 46 years old person (Sherk et al., 2008). For the amputated
femur model the BMD was reduced by 30% (BMDneck¼0.72 g/cm2) to represent a
bone disuse caused by socket prosthesis (Sherk et al., 2008).
To relate simulation time to actual clinical time, the predictions were
quantiﬁed by ﬁtting a simulated case to clinical measurements of bone remodel-
ing around an OPRA implant (Xu and Robinson, 2008). The bone remodeling was
simulated for a period of sixty months as the previous clinical evidence suggested
that bone suffers ‘memory loss’ and the adaptive process stops after this period
(Petersen et al., 1995; Saari et al., 2007).Subsequently, the results were presented in the form of dual-energy X-ray
absorptiometry (DXA) scans. The BMD and bone mineral content (BMC) around
implants were measured in 7 zones (Fig. 5), corresponding to Gruen zones deﬁned
for hip stems (Gruen et al., 1979).3. Results
The analyzed implants presented considerable differences in
the periprosthetic stress distribution patterns for both loading
scenarios representing normal walking. The OPRA and the ISP
implants induced high stress concentration in the proximal region
(close to the implant tip). The stresses were decreasing in the
distal direction to values below physiological levels of intact bone.
The stresses around the new design were relatively more uni-
formly distributed along the cortex and resembled better to the
intact case (Fig. 3). A stress peak was present in the region where
the collar was in contact with the bone.
The highest failure risk for the OPRA and the ISP implant
models was found in the bone region in contact with the proximal
end of their stems for the second load conﬁguration (toe-off). It
did not indicate direct bone failure for the normal walking
activities (load case 1 and 2). The new design presented con-
siderably reduced bone failure risk in the proximal region with a
maximum around the collar (Fig. 4 and Fig. 8). These results are
consistent with the above described stress patterns.
Concerning bone remodeling the OPRA and the ISP implants
showed high bone resorption in the distal end of the femur (on
average 15% OPRA, 17% ISP after 20 months and 75% ISP to
78% OPRA after 60 months in zones 1 and 7). High BMD loss
was also observed for the OPRA implant in zones 2 and 6, while
much smaller change was seen for the ISP ﬁxation. Middle zones
3 and 5 showed relatively minor bone remodeling. The bone
remodeling simulation did not reveal any bone loss around the
new design, even bone densiﬁcation was seen. The highest
increase of BMD was present proximally to the implants’ tips
Fig. 3. Equivalent von Misses stress distribution in the intact and implanted bones
directly post-operative obtained for load case 2.
Fig. 4. Periprosthetic bone failure risk (von Mises stress/strength) in the intact and
implanted bones directly post-operative obtained for load case 2.
Fig. 5. Computed periprosthetic bone remodeling presented in form of standard
DXA scans before (upper) and after remodeling (lower). Including clinical radio-
graph of the bone changes around the OPRA implant from (Xu and Robinson,
2008). The squares on the upper ﬁgures denote neck region, where BMDneck
values were computed.
Fig. 6. Bone mineral density change calculated in 7 zones around implants 60
months post-operative.
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the OPRA, the ISP and the new design, respectively (Fig. 5 and
Fig. 6).
In terms of total BMC the OPRA and the ISP implants induced
only a short-term bone densiﬁcation in contrast to the new
design, which provoked a steady increase of the BMC over the
whole analyzed period (Fig. 7). Nevertheless, the BMC value
throughout the whole considered period of the bone remodeling
remained below the level of the intact healthy bone.
Subsequently, the periprosthetic bone failure risk was assessed
for walking and forward fall loading of the implants both directly
post-operative and after 60 months. As expected, the higher bone
failure risk was found by falling than by normal walking both
before and after remodeling (Fig. 8). Moreover, the bone turnover
led to a reduction of the FRP for all considered implants and load
conﬁgurations. The highest FRP during normal walking was
present for the ISP implant (0.39 directly post-operatively and
0.15 after 60 months) and lowest for the new design (0.15 directly
post-operatively and 0.11 after 60 months). Also during the
forward fall the highest FRP was found for the ISP implant (0.41
directly post-operatively and 0.20 after 60 months). The forward
fall with the new design and the OPRA implant resulted in the FRP
values of 0.25 and 0.31 (directly post-operatively) and 0.18 and
0.25 (after 60 months).Fig. 7. Change of the total bone mineral content (BMC) around implants during 60
months after operation.4. Discussion and conclusions
In the present study we proposed an alternative design of the
direct ﬁxation implant for patients after trans-femoral amputa-
tion. Using FE-modeling we investigated if the new design can
provide more physiological bone stress distribution thus, redu-
cing the peri-prosthetic bone failure risk and the adverse bone
remodeling compared to the currently used implants.
Von Mises stress / Strength 




Time = 0 Time = 60 months Time = 0 Time = 60 months
OPRA 0.17 0.12 0.25 0.18
ISP 0.39 0.15 0.41 0.20
new design 0.15 0.11 0.31 0.25
Fig. 8. Periprosthetic bone failure risk parameter (FRP) during normal walking and
forward fall directly after implantation and after bone remodeling.
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bone stress distribution during normal walking. This is attributed
to the distal load transfer realized by means of a collared stem.
The stress peaks located at the tip of the OPRA and ISP stems were
effectively reduced and relocated to the bone resection level.
The bone remodeling simulations showed that the new design
performed better in the long-term, than the current implants, as it
eliminates bone resorption present around the OPRA and the ISP
implants.
Similarly as in our previous study (Tomaszewski et al., 2010),
we chose to deﬁne a ‘failure risk parameter’ (FRP), as comparing
solely the peak values of any stress or strain quantity obtained
with the FE-modeling is often unreliable due to mesh depen-
dency. The new design had lower bone failure risk during normal
walking in comparison to the OPRA and the ISP implants both
before and after the remodeling, which is surprising as the new
design is much shorter. Therefore in case of a forward fall
simulated immediately after implantation the FRP of the new
implant was in between values obtained for the ISP and the OPRA.
The forward fall simulation after remodeling resulted, however, in
a slightly elevated FRP value as compared to the other implants,
with the highest values found close to the collar. It indicates that
the collared stem performs better during normal load regime
(walking) than the bending (fall). This effect was even more
pronounced after remodeling, during which the bone structure
is optimized for normal walking loads only.
Additionally, to check if the forward fall can actually induce
any direct failure of the bone, the percentage volume of the failed
elements was calculated. Before remodeling, local failure was
found for 4.4% of the bone volume around the ISP and 0.2% around
the OPRA implant. No direct bone failure was present around the
new design. After 60 months of remodeling the forward fall did
not provoke any direct bone failure around any of the analyzed
stems. Interestingly, the stress peaks around the tips of the ISP
and the OPRA stems were much higher and sharper than around
the collar of the new design. The fact that the new design has a
higher failure risk at the forward fall loading condition can be
explained by its lower inherent resistance against bending
moments due to its shorter length.
Remarkably, although remodeling optimized the bone only for
normal walking, a reduction of the failure risk was observed also
in case of forward fall loading. This indicates that the analyzed
implants induce strengthening of the bone, previously disused
after socket prosthesis.
According to FE predictions, manufacturer and literature data
(Kurtz, 2012) Ti6Al4V and PEEK Motis biomaterials have appro-
priate load bearing ability and fatigue properties for the applica-
tion in the new osseointegrated implant. Additionally, Motis
material is suitable for plasma spray titanium coating, which
enables osseointegration (Vedova et al., 2008; Robotti et al.,
2009a; Robotti et al., 2009b).
Obviously the simulations contained several limitations which
should be considered when interpreting the results. The used
adaptive bone remodeling algorithm modeled changes in theBMD without (internal remodeling) predicting modiﬁcations of
the external bone geometry, which are present on the clinical
radiographs (Xu and Robinson, 2008). The internal bone remodel-
ing algorithm is capable to provide realistic predictions of the
bone turnover as was demostrated in numerous studies (Huiskes
et al., 1992; Van Lenthe et al., 1997; Kerner et al., 1999; Barink
et al., 2003; Sharma et al., 2010; Chong et al., 2011; Tarala et al.,
2011). However, the coupling between internal and external
remodeling in the adaptive bone remodeling algorithm remains
uncertain (Van Rietbergen et al., 1993).
Although the simulated bone remodeling pattern around the
OPRA implant is in agreement with the clinical radiographs, the
numerical model was not directly validated due to limited
availability of the clinical data. Validation of the numerical
models with experimental strain measurements is presented in
another report (Tomaszewski et al., 2012). The validation of the
same remodeling law was presented in the several previous
studies (Van Rietbergen et al., 1993; Kerner et al., 1999; Sharma
et al., 2009; Tarala et al., 2011).
Similarly to the previous study (Tomaszewski et al., 2010), the
simulations did not consider ingrowth properties of the implant
surfaces and assumed complete ﬁxation between bone and
implant. Thus modeling of the thread of the OPRA implant and
the highly porous outer surface of the ISP implant is not necessary
and facilitated the model, without inﬂuencing the overall bone
response to the implant. Moreover, the implants were ﬁtted in the
bone (with perfect apposition), so the effect of the implantation
(press-ﬁtting) on the bone tissue was not modeled.
The bone model was based on CT-scans of an 81 year old male,
which is not the common age for patients with osseointegrated
implants. The reason for using this CT-data was no access to
younger cadaver and the required high dose of radiation to obtain
high resolution images. Therefore the original BMD was re-scaled
to ﬁt with the clinical data reported for younger patients (Sherk
et al., 2008). It allowed determining the time constant, which was
based, however, only on one time point.
Another shortcoming is the application of the same loading
conditions for both intact bone and implanted models. In this
manner, only the effect of the implant is modeled and changes in
the muscle loading due to amputation are not considered. This
could be improved by incorporating musculoskeletal modeling
into bone remodeling simulations.
Models used in this study were generic, rather than design-
speciﬁc in a high degree of detail. Nevertheless, in our opinion
they represent the most important geometrical and mechanical
features of the current implants and were suitable for comparison
of the bone changes.
In conclusion, the new design is expected to offer better bone
maintenance and lower failure probability during normal walking
than the current osseointegrated trans-femoral prostheses.
Whether the new implant is sensitive to adverse loading condi-
tion such as occurring during a falling incident needs to be further
investigated. This positive outcome should encourage further
developments of the presented concept, which in our opinion
has a potential to considerably improve safety of the rehabilita-
tion with the direct ﬁxation implants and allow treatment of the
patients with short stumps.Conﬂict of interest statement
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